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Do socioeconomic characteristics modify the short term
association between air pollution and mortality? Evidence
from a zonal time series in Hamilton, Canada
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Study objective: To assess the short term association between air pollution and mortality in different zones
of an industrial city. An intra-urban study design is used to test the hypothesis that socioeconomic
characteristics modify the acute health effects of ambient air pollution exposure.
Design: The City of Hamilton, Canada, was divided into five zones based on proximity to fixed site air
pollution monitors. Within each zone, daily counts of non-trauma mortality and air pollution estimates
were combined. Generalised linear models (GLMs) were used to test mortality associations with sulphur
dioxide (SO2) and with particulate air pollution measured by the coefficient of haze (CoH).
Main results: Increased mortality was associated with air pollution exposure in a citywide model and in
intra-urban zones with lower socioeconomic characteristics. Low educational attainment and high
manufacturing employment in the zones significantly and positively modified the acute mortality effects of
air pollution exposure.
Discussion: Three possible explanations are proposed for the observed effect modification by education
and manufacturing: (1) those in manufacturing receive higher workplace exposures that combine with
ambient exposures to produce larger health effects; (2) persons with lower education are less mobile and
experience less exposure measurement error, which reduces bias toward the null; or (3) manufacturing
and education proxy for many social variables representing material deprivation, and poor material
conditions increase susceptibility to health risks from air pollution.

M
any time series studies have reported significant,
positive associations between short term ambient air
pollution exposure and daily mortality,1–17 but the

question of whether socioeconomic characteristics modify the
acute health effects of air pollution remains unanswered. One
study from Sao Paulo, Brazil,10 found that persons in districts
with higher socioeconomic characteristics were slightly more
susceptible to air pollution effects than those with lower
ones. Yet, given the comparatively low incomes in Brazil,
questions persist about whether this result would extend to
wealthier countries. Another study on 20 US cities suggested
no significant effect modification by socioeconomic charac-
teristics, although this analysis was conducted at the county
scale, which may not capture underlying socioeconomic
gradients that tend to vary by neighbourhoods.18 Two other
time series studies indicated significant effect modification
by educational status measured at the individual level, with
persons of lower education experiencing larger effects.19 20

The limited number of studies and conflicting results
highlight a need for more research on whether socioeconomic
characteristics modify the acute health effects of air pollu-
tion. Increased knowledge on socioeconomic effect modifica-
tion may lead to enhanced understanding of an
environment-health relation thought to have large popula-
tion health impacts.5

In this paper we assess the short term association between
air pollution and mortality in different zones of Hamilton,
Canada. Hamilton is an industrial city located at the western
end of Lake Ontario, about 60 km from Toronto. We use an
intra-urban study design to test the hypothesis that socio-
economic characteristics modify the acute health effects of
ambient air pollution exposure.

METHODS
Study site description
The city of Hamilton (population about 320 000) offers a
‘‘natural experiment’’ for testing associations between intra-
urban air pollution exposure and mortality for five reasons.
Firstly, the city houses one of the largest steel making
complexes in North America, producing spatially concen-
trated pollution emissions in the north east end near the
industrial core. Secondly, the circulation of cool north east
breezes off Lake Ontario and the presence of the 100–120
metre high Niagara Escarpment above Lake Ontario, 3 to
4 km from its shore, combine to produce advective tempera-
ture inversions that disperse pollution from the steel mills
along the lakeshore toward large and densely populated
portions of the city below the Escarpment.21 22 These
inversions create gradients of pollution that run from high
in the north east to low in the south, west, and some parts of
the east end of the city.23 24 Thirdly, the city has increased
potential for environmental injustice, with lower socio-
economic neighbourhoods concentrated in high pollution
areas.25 Fourthly, the presence of industry has prompted
government monitoring at the intra-urban scale. Finally, the
geographical extent of the city is about 24.5612 km, pro-
viding adequate exposure contrast for intra-urban analysis.

For this study, we divided Hamilton into five zones based
on Thiessen polygons that used government pollution
monitors as the central nodal point. Thiessen polygons have

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Abbreviations: GLM, generalised linear model; CoH, coefficient of
haze; SO2, sulphur dioxide; NT, non-trauma; AIC, Akaike information
criterion; CT, census tract; MPC, mean percentage change
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the property that all points within the polygon are closer to
the nodal point (that is, the monitoring site) than to any
other site.26 This research design allows for subsequent
testing of socioeconomic effect modification, while minimis-
ing the potential for exposure misclassification. Because time
activity studies indicate Canadians spend about 67% of their
time at home,27 we expect monitors within the zone to supply
a stronger correlation with personal data than with a central
monitor. We recognise this assertion is still open to debate
based on the results of some personal monitoring studies28 29

and mathematical exposure models.30 Most of the personal
monitoring studies, however, rely on limited samples of
susceptible individuals, who may not be representative of the
socio-spatial range,31 or they measure PM2.5 or sulphates,32

which are probably the most spatially homogeneous con-
stituents of the intra-urban pollution mixture.

Data
Within each zone, we assembled daily counts of non-trauma
(NT) mortality and pollution concentrations. Mortality data
from the registrar general of Ontario covered the period
1985–94. These data were linked to place of residence at the
time of death through the Statistics Canada 1998 postal code
conversion file.33 We assigned individual mortality data to the
zones through a point in polygon overlay with Arcview 3.2
Geographic Information System (GIS) software (ArcView
GIS, Redlands, CA, 1999).

Two pollutants were used for the analysis: PM as measured
by the coefficient of haze (CoH) and sulphur dioxide (SO2).
Data on these pollutants were supplied by the Ontario
Ministry of the Environment. We attempted to assemble data
on other pollutants such as NO2, but found only CoH and SO2

had a sufficient number of monitoring stations for the period
when we could obtain enough mortality data in each zone to
conduct separate analyses. Figure 1 illustrates the zones used
for analysis; the total deaths over eight and nine year periods,
respectively, for SO2 and CoH data; and the average ambient
concentrations of CoH and SO2 for the periods of study (SO2

was only available from 1987 on). Mortality counts range
from 4267 to 6763 per zone. Table 1 shows the descriptive
statistics for mortality and air pollution in the city and the
zones.

SO2 was measured with a spectroscopic technique based on
the principle of fluorescence.34 CoH measures suspended
particles continuously by paper tape sampler with an inlet
flow regulated to favour small airborne particles.35 Published

research supports the use of CoH as an indicator of PM in
health studies (for example references9 13 36–40). We computed
daily averages of each pollutant for days with 18 or more
hours of complete data.

Meteorological data used for developing weather models
that control for confounding of the air pollution-mortality
association by coincident weather patterns were collected at
the Hamilton Airport weather station operated by the
Meteorological Service of Canada (MSC). Social, economic,
and demographic data were extracted from the 1991 census
of Canada.

Statistical models
Serial autocorrelation in the mortality data was filtered using
natural splines with degrees of freedom based on the Bartlett
test for white noise. The weather model relied on three
variables found to be significant predictors of mortality in
past Canadian air pollution studies (relative humidity,
maximum temperature, and maximum change in barometric
pressure at 0 to 3 day lags).1 3 4 16 41 A manual forward
selection was also implemented to derive the final weather
model.

After selecting the weather model based on the Akaike
information criterion (AIC), it was incorporated into a larger
generalised linear model (GLM) with a Poisson link. This
model used mortality counts as the response variable and the
natural spline of the Julian day and weather variables, a day
of the week mortality factor variable, and air pollution as
predictor variables. Models were implemented in S-Plus 2000
software (S-Plus for Windows, Seattle, WA) with a stringent
convergence criterion (that is, 10E-14).42

Aggregate models were run for the entire city using
regional average estimates of pollution from all five
monitors and total NT mortality counts. These estimates
were used as a baseline against which zonal estimates were
compared. Separate models were run in each of the five
zones. The specific model formulation of the model is given
below:

Figure 1 Study area with average
1986–94 coefficient of haze, 1987–94
sulphur dioxide, and corresponding
mortality counts in the Thiessen polygon
zones.
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i indicates the day in the time series and Yi is the number of
deaths on day i.

We conducted sensitivity analyses with separate weather
models and mortality smoothers for each zone. Sensitivity
analyses were also undertaken based on alternative weather
models with a larger set of 24 weather variables. Because the
results were robust to locally optimised models and alter-
native weather models, we report only the results using the
above specification to allow for easy comparison among the
risk estimates. A final sensitivity analysis entailed combining
the zones with similar social characteristics. Results of this
analysis are explained in the next section.

To test for heterogeneity among the estimates, we
implemented a maximum likelihood random effects model.43

This model estimates a pooled effect and tests for differences
between the estimates derived for the individual zones and
the entire city.

We calculated social, economic, demographic, and lifestyle
characteristics for the zones to assess potential effect
modification through a point in polygon overlay that
included the centroids of the census tracts (CTs) contained

in the pollution zones. Smoking rates for each zone were
derived from previous random surveys.44 We also generated
new variables measuring the average distance of the CT
centroids to the nearest hospital with ArcView 3.2 and mean
age of death in each zone from our mortality data (see table 2
for descriptive characteristics).

Finally we regressed the mean percentage change (MPC)
in mortality associated with pollution exposure from the
largest multi-day lag onto the socioeconomic characteristics
of each zone and of the regional estimate
(MPC = [RR21]6100). In this analysis we used lag123 (that
is, daily pollution values averaged one to three days before
death). These models were plotted for visual inspection and
weighted by the inverse of the variance on the estimates.
When the theta heterogeneity parameter from the random
effects model was positive, the weight equalled the inverse of
the variance plus h.

RESULTS
The results of the models using common smoothing spans
and weather models are summarised in figures 2 and 3. These

Table 1 Descriptive statistics for pollution and mortality data

Variable Number of days 25th centile Mean 75th centile IQR

Citywide
Total mortality 3260 6.00 8.42 10.00 1.58
Mean daily CoH 3260 0.25 0.42 0.53 0.11
Mean daily SO2 3260 2.42 6.57 9.50 2.93
Zonal
Downtown core mortality 3260 1.00 1.64 2.00 0.36
Industrial north mortality 3260 0.00 1.31 2.00 0.69
Industrial east mortality 3260 1.00 1.85 3.00 1.15
Hamilton mountain mortality 3260 1.00 2.07 3.00 0.93
Hamilton west mortality 3260 1.00 1.55 2.00 0.45
Downtown core CoH 3260 0.27 0.47 0.59 0.12
Industrial north CoH 3260 0.30 0.52 0.66 0.15
Industrial east CoH 3260 0.23 0.37 0.47 0.09
Hamilton mountain CoH 3260 0.17 0.30 0.38 0.08
Hamilton west CoH 3260 0.20 0.40 0.53 0.13
Downtown core SO2 2858 1.25 7.36 10.83 3.47
Industrial north SO2 2858 1.25 8.13 12.08 3.96
Industrial east SO2 2858 0.91 4.71 7.50 2.79
Hamilton mountain SO2 2858 1.30 6.82 10.00 3.18
Hamiltin west SO2 2858 0.87 5.16 8.32 3.15

Table 2 Social, economic, and demographic characteristics of the city and zones

Hamilton city Downtown Hamilton Industrial north Hamilton east Hamilton mountain Hamilton west

CoH exposure 0.42 0.47 0.52 0.37 0.30 0.40
SO2 exposure 6.57 7.36 8.13 4.71 6.82 5.16
Household income 41870.2 30149.4 36504.5 41283.0 45640.1 52425.9
Unemployment rate 6.8 8.5 9.3 7.1 5.4 5.1
Poverty 17.4 29.7 24.9 14.8 12.8 10.7
High school or less 57.5 58.1 64.0 65.1 57.0 44.3
Less than grade 9 15.1 18.9 18.8 18.7 12.9 8.5
Manufacturing employment 23.3 19.6 25.1 30.2 22.7 16.6
Smokers (female) 33.7 38.1 41.3 37.1 32.3 24.5
Smokers (male) 35.0 37.2 42.8 38.3 34.0 28.1
Over 65 15.8 18.0 13.9 15.3 15.7 16.3
Mean age of death 73 75 73 71 73 76
Distance to hospital 4.1 1.5 2.3 2.3 2.7 2.5
Proximate emergency ward Na Yes Yes No Yes Yes

CoH exposure based nine year mean of mean daily average exposure estimates in CoH units; SO2 exposure is the eight year mean of daily average exposure
estimates in ppb; household income, a variable based on mean household income; unemployment rate, a variable based on the percentage of unemployment;
poverty, a variable based on the percentage of people living below the poverty line; high school or less, a variable based on the percentage of people that have
completed no more than a high school education; less than grade 9, a variable based on the percentage of people that have less than a high school education;
manufacturing employment, a variable based on the percentage of manufacturing occupation; smokers (female), a variable based on the percentage of female
smokers; smokers (male), a variable based on the percentage of male smokers; over 65, a variable based on the percentage of people aged 65 and over; mean
age of death, a variable based on the average age of mortality; distance to hospital, a variable based on the minimum distance (km) to a hospital; proximate
emergency ward, a variable stating whether an emergency ward exists in a zone.
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figures illustrate the relative risk (RR) and 95% confidence
intervals of mortality based on the regional mean value of
each pollutant compared with no pollution. Full results for
models using both the regional mean of pollution and the
zonal means are given in the appendix (see journal web site
http://www.jech.com/supplemental). Risk estimates using
the local pollution means are similar to those with the
regional mean, although the size of the effects tends to be
attenuated in the east end.

In the regional models, both CoH and SO2 have significant,
positive associations with mortality. Pollution effects for the
most significant individual lags (1,2,3) in the CoH models
have a RR of 1.03 when evaluated at the regional mean of
pollution. The multi-day lag effects for Lag123 and Lag0123

are around 1.06. The estimate for Lag012 is about 1.05. For
SO2 regional models, the effects are smaller, with a 1.02 RR
for single day lags (1,2,3) and 1.04 for Lag123 and Lag0123,
while Lag012 is about 1.03. In general, temporal patterns in
the risks follow what we would expect with larger effects at
lags 1–3 and insignificant effects for lags 4–5.

For the zonal CoH models, only the downtown, the
industrial north, and the east end zones show significant
effects. The south mountain and west end display no
significant effects at any lag in these models. The most
significant one day lags for CoH in the three zones range from
1.05–1.08, or about 1.7–2.7 times greater than those for the
regional models. The largest single day lag is in the east end
(Lag3), followed by Lag1 in the industrial north, then Lag1 in

Figure 2 Comparison of regional and zonal relative risks of mortality evaluated at the regional mean of coefficient of haze.

Figure 3 Comparison of regional and zonal relative risks of mortality evaluated at the regional mean of sulphur dioxide.
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the downtown core. Multi-day lags from the zones range
from 1.06–1.14, or one third to 2.3 times higher than the
regional estimate.

The SO2 results for the zonal models also display intra-
urban heterogeneity, although the results are less pro-
nounced than in the CoH models. With the SO2 models,
only three zones display significant effects: east end, south

mountain, and the downtown. In the downtown, Lag1 and
Lag2 each have a RR of about 1.03, roughly one half greater
than in the regional model. Multi-day lags in this zone have
RRs of about 1.05 for both Lag123 and Lag0123. Lag012 has a
smaller effect (RR,1.04). In the east end, only Lag3 shows a
significant effect, but it is quite large (RR = 1.06), three times
greater than in any single day lag in the regional models. One

Table 3 Comparison of regional analysis (RA) to pooled random effect (RE) models

h Estimate Lower 95% Upper 95%

CoH
Lag 1 RE 0.00082023 1.03 1.01 1.06
Lag 1 RA NA 1.03 1.01 1.06

Lag 123 RE 20.00329860 1.06 NA NA
Lag 123 RA NA 1.06 1.02 1.09
SO2

Lag 1 RE 20.0000039 1.02 NA NA
Lag 1 RA NA 1.02 1.00 1.04
Lag 123 RE 20.00000450 1.03 NA NA
Lag 123 RA NA 1.04 1.01 1.06

h, theta in the paper, which is the variance on the random effects; RE, random effects; RA, regional average.

Table 4 Results from sensitivity analysis of combined high socioeconomic zones (west and south mountain)

Mountain, west b SE t RR(m) Lower 95% Upper 95% Mean change

CoHlag0 0.019175 0.047734 0.402 1.01 0.97 1.05 0.81
CoHlag1 0.048881 0.050158 0.975 1.02 0.98 1.06 2.07
CoHlag2 0.066548 0.047634 1.397 1.03 0.99 1.07 2.83
CoHlag3 0.054121 0.047707 1.134 1.02 0.98 1.06 2.30
CoHlag4 0.006219 0.047132 0.132 1.00 0.96 1.04 0.26
CoHlag5 0.003965 0.047037 0.084 1.00 0.96 1.04 0.17
CoHlag1,lag2,lag3 0.115070 0.067120 1.714 1.05 0.99 1.11 4.95
CoHlag0,lag1 0.057777 0.058901 0.981 1.02 0.98 1.08 2.46
CoHlag0,lag1,lag2 0.108276 0.068095 1.590 1.05 0.99 1.11 4.65
CoHlag0,lag1,lag2,lag3 0.150079 0.076439 1.963 1.07 1.00 1.13 6.51
SO2lag0 0.001811 0.002052 0.882 1.01 0.99 1.04 1.20
SO2lag1 0.002965 0.002155 1.376 1.02 0.99 1.05 1.97
SO2lag2 0.002617 0.002087 1.254 1.02 0.99 1.05 1.73
SO2lag3 0.001493 0.002081 0.717 1.01 0.98 1.04 0.99
SO2lag4 0.002006 0.002019 0.993 1.01 0.99 1.04 1.33
SO2lag5 0.001636 0.002013 0.813 1.01 0.98 1.04 1.08
SO2lag1,lag2,lag3 0.004754 0.002980 1.595 1.03 0.99 1.07 3.17
SO2lag0,lag1 0.003998 0.002556 1.564 1.03 0.99 1.06 2.66
SO2lag0,lag1,lag2 0.005425 0.002962 1.831 1.04 1.00 1.08 3.63
SO2lag0,lag1,lag2,lag3 0.006448 0.003317 1.944 1.04 1.00 1.09 4.33

Table 5 Results from sensitivity analysis of combined low socioeconomic zones (downtown, north east, and east)

Downtown, north, east b SE t RR(m) Lower 95% Upper 95% Mean change

CoHlag0 0.011896 0.040166 0.296 1.01 0.97 1.04 0.50
CoHlag1 0.089755 0.041900 2.142 1.04 1.00 1.07 3.84
CoHlag2 0.095429 0.039747 2.401 1.04 1.01 1.08 4.09
CoHlag3 0.089483 0.040040 2.235 1.04 1.00 1.07 3.83
CoHlag4 20.031619 0.039595 20.799 0.99 0.96 1.02 21.32
CoHlag5 20.027993 0.039194 20.714 0.99 0.96 1.02 21.17
CoHlag1,lag2,lag3 0.179295 0.057328 3.128 1.08 1.03 1.13 7.82
CoHlag0,lag1 0.078386 0.050087 1.565 1.03 0.99 1.08 3.35
CoHlag0,lag1,lag2 0.139171 0.058847 2.365 1.06 1.01 1.11 6.02
CoHlag0,lag1,lag2,lag3 0.180578 0.066678 2.708 1.08 1.02 1.14 7.88
SO2lag0 20.000343 0.001695 20.202 1.00 0.98 1.02 20.23
SO2lag1 0.002385 0.001742 1.369 1.02 0.99 1.04 1.58
SO2lag2 0.002264 0.001696 1.335 1.01 0.99 1.04 1.50
SO2lag3 0.003110 0.001692 1.838 1.02 1.00 1.04 2.06
SO2lag4 20.000036 0.001668 20.021 1.00 0.98 1.02 20.02
SO2lag5 0.000697 0.001665 0.419 1.00 0.98 1.03 0.46
SO2lag1,lag2,lag3 0.005019 0.002513 1.997 1.03 1.00 1.07 3.35
SO2lag0,lag1 0.001434 0.002140 0.670 1.01 0.98 1.04 0.95
SO2lag0,lag1,lag2 0.003145 0.002525 1.246 1.02 0.99 1.05 2.09
SO2lag0,lag1,lag2,lag3 0.005095 0.002847 1.790 1.03 1.00 1.07 3.40
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major difference in the pattern relates to the SO2 effect on the
south mountain. Unlike the CoH models, this zone has a
significant effect at Lag0 (RR = 1.03). Multi-day models for
Lag01 and Lag012 also produce a RR of 1.04. As with the CoH
models, SO2 had no significant effect in the west end.

We also ran co-pollutant models for the largest and most
significant lag across the city and each zone. Only the
industrial north produced a significant lag for SO2 in the co-
pollutant models (see appendix for results from all zones).

Although some of the zones appear to have large
differences in the risk estimates, the random effects model
revealed these to be insignificant (table 3). The h value
representing the random effect for the CoH models at Lag1
indicates some heterogeneity exists among the estimates, but
no more than would be expected by chance. For the CoH
models at Lag123 and SO2 with both single and multi-day
lags, the h value is negative, indicating any observed
variability results from sampling error. Pooled estimates
derived from combining the effects nearly equal those
derived from the regional model.

We implemented another sensitivity analysis by combining
the west end and south mountain zones into one zone. The
remaining three zones (east end, north east end, and
downtown) were also combined. The results are shown on
tables 4 and 5. In general we see the higher status zone has
effects that are insignificant, but at Lag0123 significant
effects exist for both CoH and SO2; these effects are slightly
higher than the regional estimate. For the lower status zone,
we see effects that are significant for single and multi-day
lags. These are also higher than the regional estimate, but less
so than those in some of the smaller zones. Overall, the
effects are smaller and less significant in the zones with
higher socioeconomic characteristics than in zones of lower
status.

Plots of the MPC in mortality on socioeconomic character-
istics in the zones appear in figures 4 and 5. A few zonal
characteristics have significant associations with the CoH
pollution effect: manufacturing employment and educational
attainment, each with r2 values around 62%. Other models
were suggestive of relations, particularly smoking and mean
age of death, although these had insignificant regression
coefficients due probably to larger variances on the weights
and the small number of observations. Table 6 presents the
correlations among the zonal characteristics. This table
indicates that while only a few of the socioeconomic variables
achieved formal significance, many of the variables relate
closely to each other.

DISCUSSION
For both the pollutants tested, significant effects were found
at the regional level. Zonal estimates were from one third to
three times higher than the regional model for both
pollutants. The west end with the highest socioeconomic
characteristics displayed no significant effect in any of the
models, while the east end—a zone with low educational
status and high manufacturing employment—had the largest
effects. Random effects tests revealed no significant differ-
ence between the zonal and regional estimates, but weighted
regression analyses suggested underlying socioeconomic
characteristics modify the health effects of air pollution
exposure.

The positive association of manufacturing employment and
the size of the pollution effect may signal that higher total
exposure to airborne particles exerts a larger effect on health.
The preponderance of employment in the steel industry—
known to have high occupational exposures of toxic
substances,45 combined with ambient pollution—may lead
to a higher dose and subsequent response. Manufacturing
workers may also carry toxic substances into the home,

Ta
b
le

6
Ze

ro
or

de
r

co
rr

el
at

io
ns

am
on

g
so

ci
al

,
ec

on
om

ic
,

an
d

de
m

og
ra

ph
ic

ch
ar

ac
te

ri
st

ic
s

fo
r

th
e

zo
ne

s

C
oH

ex
p
os

ur
e

SO
2

ex
p
os

ur
e

H
ou

se
ho

ld
in

co
m

e
U

ne
m

p
lo

ym
en

t
ra

te
Po

ve
rt

y
H

ig
h

sc
ho

ol
or

le
ss

Le
ss

th
a
n

g
ra

d
e

9
M

a
nu

fa
ct

ur
in

g
em

p
lo

ym
en

t
Sm

ok
er

s
(f
em

a
le

)
Sm

ok
er

s
(m

a
le

)
O

ve
r

6
5

M
ea

n
a
g
e

of
d
ea

th
D

is
ta

nc
e

to
ho

sp
ita

l

C
oH

ex
po

su
re

1
.0

0
0
.5

6
2

0
.6

1
0
.8

4
0
.7

8
0
.2

2
0
.4

9
2

0
.0

9
0
.5

4
0
.5

5
2

0
.1

0
0
.2

4
2

0
.6

0
SO

2
ex

po
su

re
1
.0

0
2

0
.6

2
0
.6

4
0
.7

3
0
.3

1
0
.4

1
2

0
.1

3
0
.5

9
0
.5

6
2

0
.1

1
0
.1

3
2

0
.3

2
H

ou
se

ho
ld

in
co

m
e

1
.0

0
2

0
.8

9
2

0
.9

5
2

0
.6

6
2

0
.8

9
2

0
.2

5
2

0
.8

7
2

0
.7

7
2

0
.2

0
0
.1

7
0
.8

3
U

ne
m

pl
oy

m
en

t
ra

te
1
.0

0
0
.9

0
0
.6

9
0
.8

8
0
.3

4
0
.9

1
0
.8

9
2

0
.1

7
2

0
.2

2
2

0
.6

5
Po

ve
rt

y
1
.0

0
0
.4

6
0
.7

5
0
.0

0
0
.7

6
0
.6

7
0
.2

2
0
.1

0
2

0
.8

5
H

ig
h

sc
ho

ol
or

le
ss

1
.0

0
0
.9

1
0
.8

7
0
.9

2
0
.9

3
2

0
.4

3
2

0
.8

4
2

0
.2

2
Le

ss
th

an
gr

ad
e

9
1
.0

0
0
.6

5
0
.9

7
0
.9

2
2

0
.1

3
2

0
.5

7
2

0
.6

0
M

an
uf

ac
tu

ri
ng

em
pl

oy
m

en
t

1
.0

0
0
.6

3
0
.6

8
2

0
.5

8
2

0
.9

8
0
.1

4
Sm

ok
er

s
(fe

m
al

e)
1
.0

0
0
.9

8
2

0
.2

8
2

0
.5

6
2

0
.4

8
Sm

ok
er

s
(m

al
e)

1
.0

0
2

0
.4

6
2

0
.6

1
2

0
.3

3
O

ve
r

6
5

1
.0

0
0
.5

8
2

0
.6

2
M

ea
n

ag
e

of
de

at
h

1
.0

0
2

0
.2

5
D

is
ta

nc
e

to
ho

sp
ita

l
1
.0

0

36 Jerrett, Burnett, Brook, et al

www.jech.com

http://jech.bmj.com


leading to ‘‘para-occupational’’ exposures. This finding
suggests that future research needs to examine total personal
exposure in groups likely to experience high occupational
exposures.

Alternatively, education, and manufacturing employment
may represent a complex of variables related to material
deprivation. Education generally relates to income levels,

which in turn correlate to residential environment and access
to medical care.46 Interestingly, geographical medical care is
inversely related to socioeconomic characteristics here, but
the east end zone with the largest distances still has the
largest health effects. Higher education and associated
income may also increase the use of air conditioning in the
home, which would reduce indoor exposures.47

Figure 4 Mean percentage change in
mortality from the coefficient of haze
models regressed on socioeconomic,
demographic, and lifestyle variables.
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The sparse number of zones and complexity of socio-
economic characteristics limits our ability to draw conclu-
sions about which specific socioeconomic variable modifies
the air pollution effect. Table 6 illustrates the strong
correlations between education, manufacturing, smoking,
household income, and unemployment. Recent research in

smaller areas of Hamilton infers that many of the socio-
economic variables in this analysis may be better represented
through underlying principal components that capture
complex interrelations among socioeconomic indicators.18

We were prevented from pursuing this strategy because of
the limited number of zones.

Figure 5 Mean percentage change in
mortality from the sulphur dioxide
models regressed on socioeconomic,
demographic, and lifestyle variables.
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Another interpretation would emphasise intra-urban dif-
ferences in the constituents of pollution. Areas observed to
have larger health effects (downtown, north, and east ends)
may have higher toxic emissions from point sources or more
damaging particles because of higher toxic constituents.
Moreover, exposure misclassification may still affect the
results because the government monitoring sites represent
different types of exposure. The north end monitor, for
example, is known as a compliance monitor, intended
primary to enforce environmental regulations at the ‘‘point
of impingement’’ into residential areas. By contrast, the east
end monitor is located in a residential area.

Intra-urban mobility may also confound the exposure
assessment. Persons with lower socioeconomic characteristics
may be less mobile than those with higher position.48 Less
mobile persons may experience lower exposure measurement
error than those with higher mobility. In this instance, we
would expect areas with less measurement error to produce
larger effects,49 and by extension, areas of lower socio-
economic characteristics may experience larger health effects.

Future research may investigate issues of intra-urban
monitoring location, toxicity, and mobility in relation to
exposure measurement error.

The uniqueness of the Hamilton study site raises questions
of external validity about our findings. Hamilton was chosen
as a site that afforded social and environmental gradients.
Individual level data on socioeconomic characteristics or
pooled analysis from numerous cities would advance the
research agenda even further than single city analyses. While
our results remain tentative because of inherent limits in the
study site, they contribute to a growing literature suggesting
that socioeconomic position modifies the health effects of air
pollution. The key question for future research rests in
explaining why, among various competing hypotheses,
socioeconomic characteristics may modify the health effects
of ambient air pollution exposure.
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